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1 Introduction
After the first run of the LHC, no signal of New Physics has been found yet in the traditionally
DM-motivated channels containing missing energy [1, 2]. While the next LHC run could still
bring a WIMP-like signal, especially from the electroweakly charged sector, we would like
here to consider a different type of scenario, connected to the cosmologically well-motivated
case of decaying Dark Matter.
In fact, it is perfectly possible that the DM particle is not stable, but just very long-
lived and in such case immediately two usual DM assumptions are lifted: a) no symmetry is
introduced to justify the stability of Dark Matter and therefore the particle can interact also
as single state with charged SM and non-SM states; b) to ensure survival until the present
age, the DM particle has to interact with suppressed couplings to any sector and therefore
can be naturally produced not through the WIMP mechanism, which relies on electroweak-
size cross-section, but via the FIMP or SuperWIMP mechanisms, based on much smaller
couplings.
A very minimal setting of this type has been recently proposed in [3], featuring a DM
Majorana fermion and a scalar charged under the SM gauge group. It is minimal in the
sense that just a minimal particle content has been added to the SM and that the addi-
tional couplings are all renormalizable. Such a scheme can be embedded in more complex
models, like supersymmetry with R-parity violation, but the main phenomenological charac-
teristics are independent from the particle physics framework, at least for what concerns DM
phenomenology. We will thus here concentrate on such minimal constructions as the more
conservative case, since in the presence of a larger field content or more couplings, additional
signals could be accessible at LHC or in DM indirect detection.
Due to the long lifetime of the DM, requiring at least one of the additional charged parti-
cles to be within the LHC reach constrains all couplings to be suppressed and therefore points
also to regions of (near)-collider-metastability for these exotic states. It is therefore natural
to look for such particles at the LHC in the presence of displaced vertices or metastable tracks
(MP). These channels have recently attracted more attention [4–15] and are indispensable
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in order to cover a wide range of cosmologically interesting scenarios [16–23] like the one
presented here.
This paper is organized as follows: we will discuss the type of minimal models we study
in section 2 together with the connection to DM indirect detection and the DM production
mechanisms. We will then study in section 3 the LHC phenomenology in the two scenarios
of scalar field carrying color or only electroweak charge. Section 4 will be then devoted to
the discussion of the results while our conclusions will be given in section 5.
2 The model
We consider here the minimal model introduced in [3] (see also [24–26] for simular setups)
featuring a Majorana fermion, singlet with respect to the SM gauge group and dark matter
candidate, and a single scalar field multiplet Σf , non-trivially charged under at least one of
the SM gauge groups. We assume that these fields interact among themselves and with the
SM only via renormalizable Yukawa-type couplings according to the quantum number chosen
for Σf . In particular the interaction between the DM and Σf will be of the form:
Leff = λψf ψ¯f Σ
†
f + h.c. (2.1)
where ψ is the DM Majorana fermion, f any chiral SM fermion and Σf denotes a scalar with
quantum numbers equal to f .
No symmetry is imposed to guarantee the stability of the DM, allowing couplings of
Σf with only SM fermions. Depending on the quantum numbers a rather broad variety of
operators may arise:
Leff = λ1qd¯`Σq + h.c. Σq = (3, 2, 1/3)
Leff = λ1ud¯d
cΣ†u + h.c. Σu = (3, 1, 4/3)
Leff = λ1dq¯`
cΣd + λ2du¯d
cΣ†d + λ3du¯e
cΣd + λ4dq¯q
cΣ†d + h.c. Σd = (3, 1,−2/3)
Leff = λ1`e¯`Σ` + λ2`d¯qΣ` + λ3`u¯qΣ˜` + h.c. Σ` = (1, 2,−1)
Leff = λ1e ¯``
cΣe + h.c. Σe = (1, 1,−2) (2.2)
where q, ` denote the SM SU(2)L LH doublets, while u, d, e are RH SU(2)L singlets, and the
superscript c indicates the charge-conjugated field, f c = Cf¯ t while Σ˜f ≡ iσ2Σ∗f . On the
right the quantum numbers of the Σf fields are specified according to the SM gauge groups
SU(3)c×SU(2)L×U(1)Y . We are here suppressing flavour indices, even if some couplings like
q¯qc, ¯`` c must be antisymmetric in flavour and vanish for a single generation, and considering
in each line the presence of a single scalar field Σf . We have then that the new particle
sector can just be described by two mass scales mψ and mΣ and a few Yukawa couplings.
The scalar field Σf is also coupled, according to its assignment of quantum numbers, given
above, to the SM group gauge bosons. In addition interactions with the Higgs boson of the
form |H|2|Σf |2 or even |HΣq,`|2 can be in general present. We assume, for simplicity, that
such couplings are negligible, since they are not relevant for the processes which we are going
to discuss in the next sections. We neglect as well any interaction like µ2HΣ`, sticking only
to dimensionless couplings, as well as the possibility that the neutral component of Σ`, could
acquire a v.e.v., which is instead similar to the case of bilinear RPV supersymmetry.
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The interactions (2.1) and (2.2) induce three-body decays for the Dark Matter with a
rate given by, up to kinematical and multiplicity factors:
ΓDM =
cf |λ|2|λ′|2
384(2pi)3
m5ψ
m4Σf
,
λ′ = λif
λ = λψf
, i = 1, · · · , 4 , f = q, u, d, `, e (2.3)
with cf = counting the number of degrees of freedom of the intermediate Σf (cf = 6, 3, 3, 2, 1
for Σq,Σu,Σd,Σ`,Σe respectively). The decay channels can be different depending on the
quantum numbers of the intermediate particle Σf . We distinguish substantially four types
of decay channels:
ψ → uuν, ddν for Σd,Σ`
ψ → udl for Σq,Σd
ψ → udd for Σu,Σd
ψ → llν for Σ`,Σe (2.4)
For simplicity we focus on signals of the type ffν with f being either a quark or a charged
lepton of any generation, denoted by l. We will also assume that the decays of DM are
flavour conserving. If this is not the case bounds from flavour violating decays of mesons
and leptons arise (see e.g. [27] for a complete list). However they are sensitively weaker
than the one imposed by cosmology and DM ID. We will also assume that, for a given
assignment of the quantum numbers of Σf , only one of the allowed operators, as reported
in (2.2), dominates. We just comment that some of the effective lagrangians (2.2) violate
both lepton and baryon number and in case of contemporary presence of lepton and baryon
number violating operators, very strong constraints from the stability of the proton arise [28].
We will neglect here this possibility.
All the considered DM decay channels are already severely constrained from Indirect
Detection. The hadronic decay channels, namely ddν and uuν are mostly constrained by
antiproton searches, which give bounds on the DM lifetime varying between 1026–1028 s for
mψ > 100 GeV [26] and can become as stringent as 10
29 s for values of the DM mass down
to 1 GeV [29]. In the case of the leptonic decays, comparably severe constraints, ranging
from approximately 1027 s to 1029 s, according to the decay channel, for DM masses between
10 GeV and 2 TeV, are obtained by the recent measurements by AMS of the positron flux
and positron fraction [30]. In the case of the Σ` mediator, one-loop induced decay processes
in Zγ and νγ may also be important. In particular the latter can originate monochromatic
γ-ray lines. Current searches give bounds which can be as strong as 1029÷30 seconds for
mψ = 1–10 GeV [24, 31, 32]. All these bounds can be satisfied only for a very small value
of the product of the couplings, namely λλ
′ . 10−(16÷22), for masses of the scalar field Σf
within the kinematical reach of the LHC.
While the present lower limits on the DM lifetime only constrain the product of the
couplings, the DM production mechanisms in the early universe also provide bounds on the
ratio of the couplings. In fact, in this kind of models, the correct amount of DM relic density
can be generated from the decays of the field Σf either in thermal equilibrium (freeze-in
production [19, 33–36]) or out-of-equilibrium (SuperWIMP production [37–39]).1
1It is as well possible, alternatively, that the DM acquires its relic density through the WIMP paradigm.
However this setup corresponds to the simple scenario with λ ∼ O(1) and an irrelevant coupling of Σf to SM
fields. We will not consider this possibility in this work (see instead e.g. [40] for a scenario of this kind with
DM coupling to the top quark).
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Since the two processes take place at quite different cosmological epochs, the DM relic
density can expressed, in very good approximation, as the sum of the two contributions [3]:
ΩDMh
2 = ΩFIDMh
2 + ΩSWDMh
2
≈ 1.09× 1027 gΣ
g
3/2
∗
xΓ(Σf → fDM)
mΣ
+ xBr(Σf → fDM)ΩΣh2
≈ xBr(Σf → fDM)
[
0.717
gΣ
g
3/2
∗
(
1 s
τΣ
)(
1 TeV
mΣ
)
+ ΩΣh
2
]
(2.5)
where x =
mψ
mΣ
, gΣ and g∗ are, respectively, the internal degrees of freedom of the field Σf and
the relativistic degrees of freedom of the primordial plasma at the time of DM production,
τΣ is the lifetime of the Σf field defined, up to kinematical factors, as:
τ−1Σ = ΓΣ =
|λ|2 + |λ′ |2
8pi
mΣ (2.6)
while Γ(Σf → fDM) and Br(Σf → fDM) are the decay rate and branching fraction of the
field Σf into DM. Neglecting the final state masses, we have then:
Γ(Σf → fDM) = |λ|
2
8pi
mΣ , Br(Σf → fDM) = |λ|
2
|λ|2 + |λ′ |2 (2.7)
We note that the freeze-in contribution is proportional to the decay rate of Σf into DM, which
is in turn proportional to λ, independently of the other coupling, while the SuperWIMP
contribution depends on the branching fraction of decay of Σf into DM as well as on its mass
and charge, strongly influencing the relic density ΩΣh
2. But in general from eq. (2.5) we see
that both production mechanisms are inefficient if the branching fraction of Σf decay into
DM becomes too small. On the other hand a too large DM coupling to Σf can easily cause
overproduction. Imposing the cosmological value of the Dark Matter density for ψ fixes some
definite ranges of the couplings λ, λ
′
or equivalently τΣ,Br(Σf → fDM) as a function of the
mass scales, mψ,mΣ.
In the next sections we will investigate the reach of LHC in the detection of the charged
field Σf and investigate which signal can be expected in the parameter regions favored by a
successful cosmological DM production and possible DM decay.
3 Collider analysis
Contrary to the DM, the scalar field Σf is charged under SM gauge interactions which may
give its efficient production at the LHC, if kinematically allowed. Since the Yukawa couplings
with the quarks are much smaller than any of the gauge couplings, the main production
channels at a proton-proton collider are gluon fusion into a scalar-antiscalar pair, for colored
Σf , or Drell-Yan production, for the electroweakly or electromagnetically charged case. In
either cases the production rate is practically independent on the details of the DM model,
and given just by the mass and charge of the field Σf . We will estimate here the NLO
production rates by computing the LO cross-section with the package MadGraph 5 [41] and
correcting with a constant NLO k-factor, depending on the channel.
For any given assignment of its quantum numbers the scalar particle features two kind
of decay channels after its production (we are implicitly assuming that in the case of the
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SU(2) doublets Σq and Σ` the two components are mass degenerate. If this is not the case, in
addition to the processes described below, the decay of the heavier component of the doublet
into a W, either on or off shell, and the lighter one is open. We will better clarify this point
later in the text). We have first of all decays into a DM particle and a standard model
fermion, with rate proportional to λ2, which can be classified as follows:
Σf → uψ for Σq,Σu,Σd
Σf → dψ for Σq,Σd
Σf → lψ for Σ`,Σe
Σf → νψ for Σ` (3.1)
where l is a charged lepton. We see that only in the case of Σ` the decay can be into an
invisible final state νψ, but in that case also the visible channel into a charged lepton is
present. So the decays in general give rise to a kink in the observable charged track/jet due
to the Σf decay.
The scalar field can decay as well into two SM fermions, with a rate governed by λ′ 2,
according the following channels:
Σf → qq′ for Σu,Σd,Σ`
Σf → ql for Σq,Σd
Σf → qν for Σq,Σd
Σf → ll for Σ`
Σf → lν for Σ`,Σe (3.2)
where l is, again, a charged lepton while q is an up or down-type quark. In view of the
dependence of the decay rate of Σf on the λ, λ
′
-type coupling, a tight relation exists between
possible signals at LHC of such decays and the constraints from the DM phenomenology,
being governed by the same couplings. As already argued in [3] the constraints from ID and
from the cosmological abundance of the DM require very low values of the couplings, namely
λ, λ
′ . 10−(7÷8), thus implying that the decay vertices result displaced with respect to the
production ones and may even lie outside the detector.
In order to determine the LHC capability of detecting this kind of decays we will adopt
the method introduced in [42]. We have then identified three possible detection regions,
referring for definiteness to the design of the CMS detector (see [43] for a detailed description
of the detector), namely the pixel and the tracker (inner detector), and an “outside” region.
The inner detector regions are sensitive to the shorter lifetimes and allow for the detection
of displaced vertices (see for example [44, 45], as well as [46] for similar searches from the
ATLAS collaboration). The “outside” region is instead suitable for the detection of very long-
lived particles, whose corresponding signal is constituted by outgoing tracks, thus related to
the scalar field itself rather than its decays. On recent times searches of decay of stopped
particles [47] in the detector have been considered as well. This is a very intriguing possibility
since this last kind of searches result complementary to the ones of outgoing tracks. We will
further comment on this later in the text.
We have generated several samples of pair produced Σf , at 14 TeV of centre of mass
energy, corresponding to different assignments of its quantum numbers and different masses,
and determined the spatial distribution of the decay vertices from the kinematic variables
of the events and the decay rate ΓΣ as described in [42]. Note that we consider here a
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straight-line motion of the particle after production, neglecting the magnetic field deflection
and the interactions with the intervening matter, which could even increase the number
of decays in the inner part of the detector by bending the trajectory or slowing down the
decaying particle.2 Assuming 100% detector efficiency and no background, in order to claim
the discovery for a given scenario we have required the presence of at least 10 decay events in
one of the components in which the detector is schematized, i.e. in the pixel or the tracker,
or outside the detector.
This is actually a rather conservative choice. Indeed 5 events are enough for a discovery
at the 95% CL, assuming a pure Poisson distribution for the events and absence of back-
ground. On the other hand our more stringent requirement prevents the effects of statistical
fluctuations, ensures stable numerical results and possibly accounts for a reduction of the
signal efficiency once detector effects and eventual analysis cuts are considered (see e.g. [45]).
We also remark that recent searches of displaced vertices have determined very low [45] or
even null [46] expected background events. On the other hand these rely on some specific
requirements, like the presence of a high pT final state muon in [46], which are not necessarily
always fulfilled in our scenario.
The optimal scenario, and thus main focus of our analysis, is however a “double” LHC
detection scenario, consisting in the contemporary detection of at least 10 events in one of the
components of the inner detector, namely pixel or tracker, and 10 tracks leaving the detector.
This indeed would allow for a cross-check in the measurement of the lifetime of the scalar
particle as well as a better discrimination of possible backgrounds. For each of the cases
considered we have performed the analysis for three definite luminosities, namely 25 fb−1,
300 fb−1 and 3000 fb−1, in order to determine the feasibility of a next future discovery during
run II, as well as the maximal discovery reach considering the full LHC data set and, finally,
after a high luminosity run.
Since the analysis employed is not sensitive to the particular type of decay products of
Σf , as long as a vertex (or kink) can be observed and happens in the detector, we will from
now on refer to a schematic setup described by just four model parameters: the mass mΣf of
the scalar field, the ratio x = mψ/mΣf and two couplings λ and λ
′
, representing, respectively
the coupling (and thus decay) of Σf with the DM and a SM fermions and with two SM
fermions. We have as well considered an equivalent representation in terms of the Σf lifetime
and DM branching fraction, more directly connected to the phenomenological observables
at the LHC, and also helpful to translate the results obtained in different particle physics
setups. In either case we will find the region of parameter space where displaced vertices
and/or metastable tracks may be seen and compare it to the cosmologically viable parameter
space.
As will be discussed later, it would be very important, in order to relate a hypothetical
LHC signal to the DM properties, to distinguish both the decay channels of Σf . A necessary
condition for the identification of a particular channel is that the product of the total number
of events times the corresponding branching fraction is large enough, in one of the detector
regions where it is possible to observe the decay products of the scalar field. A proper
determination of the number of events needed would require the full detector simulation,
accounting for the capability of reconstruction of the various decay products.
In the following subsections we will investigate separately the scenarios of color and
electroweakly charged scalar particle.
2Such effects could be captured only by a full detector simulation, which is beyond the scope of this paper.
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3.1 Colored scalar
The first case that we are going to consider is when the field Σf carries color charge. Colored
states are expected to be more efficiently produced at the LHC. For definiteness we will
consider a Σd-type field in our analysis. As already mentioned, the Σf=q,u,d pairs are produced
through gluon fusion and thus the production cross section is substantially the same for the
three kind of states, apart a possible enhancement in the case of Σq because of multiplicity.
We will indeed assume, for this scenario, that the two components of the doublet Σq are
exactly degenerate in mass. If this is not the case the heaviest state of the doublet could
decay into the lightest one and a W boson, if kinematically possible, or two quarks or leptons
(through an off-shell W). For mass splittings above ∼ 1 GeV this decay channel has a
branching fraction substantially equal to one and leads to prompt decays of the heavy state in
case its production is accessible at the LHC. For sizable enough mass splittings, such that the
momentum of decay products can survive analysis cuts (e.g. quality of signal requirements,
background discrimination cuts), this decay can be detected and, then, the signals discussed
in the following would result accompanied by prompt jets or leptons. On the other hand
the required mass splitting would imply a sensitive suppression of the pair production of the
heaviest states of the doublet and thus a small number of this kind of events. This might
not be the case of the Σ`-type particles, as will be clarified in the next subsection.
According to the method described above we have generated samples of events of Σd pair
production normalizing the cross-section computed by Madgraph with a k-factor, accounting
for NLO effects, which has been taken from the numerical package Prospino [48], given the
similarities with the supersymmetric case of a stop squark. From the determination of the
production cross-section it is possible to infer a general upper limit on the LHC reach at a
given luminosity L, from the relation Nev = σpp→ΣdΣ∗dL ≥ 5 (10 events correspond to 5 pair
produced Σ) where Nev represents the number of produced pairs ΣdΣ
∗
d irrespectively of the
position of the decay vertices. For the luminosities considered in our analysis the LHC reach
ranges from around 1600 GeV at L = 25 fb−1 to a maximal value of 2200 GeV corresponding
to L = 3000 fb−1. We have then computed the spatial distribution of the decay vertices for
several values of the mass of Σd, namely 800, 1600 and 2200 GeV. Masses below 800 GeV are
currently excluded, for the range of lifetimes relevant for our analysis, by current searches of
detector stable particles [49, 50].
We report two examples of results of our analysis in figure 1, for mΣd = 800 GeV and
L = 300, 3000 fb−1, where we have identified the region corresponding to more than 10 decay
events in the pixel, tracker and outside the detector. We see that the contours run piecewise
parallel to the axis, since in most of the parameter space one single coupling dominates
the total decay rate. The detection regions for pixel and tracker are very similar, since the
difference in volume is practically compensated by the distance from the interaction point.
The searches for displaced vertices and particles escaping from the detector are highly
complementary: the first has a maximal reach at low lifetimes, corresponding to high values
of λ, λ
′
, while the latter is able to probe efficiently the very long lifetimes, i.e. low values
of λ, λ
′
. Combining both search strategies allows to cover practically the whole parameter
space.
The strong requirement of detection of both types of signal, i.e. displaced vertices in
the pixel/tracker and metastable tracks, is realized only in the narrow regions comprised
between the iso-contours in the plane (λ, λ
′
) representing the detection of exactly 10 events
in the pixel, tracker and outside the detector. The size of these strips is expected to increase
with the integrated luminosity and, instead, to shrink once increasing the mass of the scalar,
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Figure 1. LHC reach in the plane of the pure SM λ′ vs DM coupling λ for (from left to right)
L = 300, 3000 fb−1 for mΣd = 800 GeV. The region below the solid line corresponds to at least 10
metastable tracks, while the regions above the dashed/dash-dotted lines to at least 10 decay events
in the tracker or pixel detector respectively.
because of the lower number of particles produced. For the highest values of the mass,
corresponding to approximately 2200 GeV the whole parameter space in the couplings might
only be probed by the high luminosity upgrade of the LHC as long as both types of signal,
either displaced vertex or metastable track, are considered.
The capability of LHC detection of a displaced decay of Σd or its metastable track
can be confronted with the requirement of the correct cosmological DM abundance via Σd
decay and, possibly, a detection of decaying DM. In case of a colored scalar the correlation
between the DM phenomenology and the LHC predictions is rather straightforward since the
DM production is substantially dominated by the first (freeze-in) contribution in eq. (2.5)
and the couplings can be analytically determined as function of x, mΣd and the DM relic
density and lifetime as [3]:
λ ' 1.59× 10−12x−1/2
(
g∗
100
)3/4(ΩCDMh2
0.11
)1/2
g
−1/2
Σ
λ′ ' 0.91× 10−12x−2
(
g∗
100
)−3/4( mΣf
1 TeV
)−1/2
g
1/2
Σ
(
τψ
1027 s
)−1/2(ΩCDMh2
0.11
)−1/2
(3.3)
From these relations we can determine the cosmologically preferred parameter space in the
plane of the couplings. We show indeed in figure 2, as solid lines, the isolines of the correct
value of the DM relic density for mΣd = 800 GeV and some values of x ranging from 10
−3
to 0.5. They appear as vertical lines since the freeze-in mechanism is independent of λ
′
.
This curves can be confronted with the contours of the reach in the three detector regions.
The panels of figure 2 report the LHC reach for the three values of luminosity considered
in our analysis. Figure 3 shows an analogous analysis for the values mΣd = 1600, 2200 GeV.
In this case we have considered only L = 3000 fb−1 since we expect a statistically relevant
number of events only for this very high luminosity. In figure 2 and 3 we have reported as
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Figure 2. Contours of the correct DM relic density (solid lines) and of the reference value of 1028 s of
its lifetime (dashed lines) color-coded according to the values of x reported in the plot. A combined
detection of Σd at LHC and of the DM candidate via ID can be achieved if the lines of the DM
relic density and lifetime, corresponding to a given value of x, intersect within the discovery region
between the iso-contours labeled as pixel, tracker and outside. The plot refers to mΣd = 800 GeV
and L = 25 fb−1 (left plot), L = 300 fb−1 (left plot), L = 3000 fb−1 (bottom plot). The yellow
shaded region delimited by the yellow thick long-dashed line is already excluded by current searches
for metastable particles.
well (dashed lines) the values of the DM lifetime, for the chosen combinations of parameters,
near the present bounds. As already stated, we have assumed, for the scenario of colored
scalar field, uu(dd)ν as the only relevant decay channel for the DM and thus applied the
bounds of [26] in the mψ > 100 GeV region and of [29]
3 at lower masses. For any value of x,
3The bounds presented here actually refer to two body decays in fermion pairs and then result conservative
since in our setup part of the energy of the products is carried away by the neutrinos.
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Figure 3. The same as figure 2 but with mΣd = 1600 GeV (left plot) and mΣd = 2200 GeV (right
plot) and L = 3000 fb−1 in both cases.
the intersection of the corresponding solid and dashed lines corresponds to a DM with the
correct relic density and a lifetime approximately coinciding with the current observational
bounds for the assumed dominant decay channel; consequently the parameter space above
the DM lifetime curves may be already excluded. Notice that the actual ID exclusion region
depends strongly on the DM decay channel and DM mass and is affected from astrophysical
uncertainties in the propagation modeling as discussed in [26].
The most favorable scenario, consisting in a multiple detection of the DM and Σd
decays, respectively in cosmic rays and at the LHC, with the latter satisfying the double
LHC detection requirement, is potentially feasible, for a given value of the pair (x,mΣd),
when the corresponding isolines of the DM relic density and lifetime intersect inside the
double detection region. Outside this region the contemporary ID of DM and only one type
of LHC signal, i.e. displaced vertices (above the white strip) or metastable tracks (below the
white strip), is anyway still feasible. We remark, however, that the region below the white
strip, corresponding to very long lifetimes, is already constrained, for the lower values of the
mass of the scalar, by current searches of detector stable particles. We have reformulated,
for the scenario under consideration, these constraints using the procedure described in [42]
and reported the excluded region in figure 2. The region below the “double” detection strip
is nearly ruled out for mΣd = 800 GeV. The limit from detector stable particles weakens
very quickly with increasing mass of the scalar particle and it is substantially irrelevant for
masses above 1 TeV.
The double LHC detection region corresponds, for mΣd = 800 GeV, to a rather definite
range of values of x comprised between 10−2 and 10−1. This range is reduced at higher values
of mΣd because of the decreased size of the LHC double detection strip. For the highest
possible value mΣd the combined detection prospects are substantially limited to x ' 10−2.
It is also interesting to reformulate the previous results in a more model independent way in
terms of the pair
(
Γ−1Σ (s), Br(Σd → DM)
)
as done in figure 4, 5. Using these parameters the
LHC detection regions are just delimited by horizontal lines of constant ΓΣ values. The green
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Figure 4. LHC detection reach compared with the constraints from DM phenomenology in the plane(
Br(Σd → DM),Γ−1Σd
)
. The shaded green (magenta) region corresponds to more than 10 decay events
happening in the pixel or tracker (outside the detector). The double detection region is the white
strip comprised between the shaded regions. We have fixed mΣd = 800 GeV and L = 25 fb−1 (left
plot) and L = 300 fb−1 (right plot). The yellow shaded region, below the thick long-dashed yellow
line, is excluded by current bounds on metastable particles.
(violet) shaded regions in the plot represent the regions in which it is possible to detect more
than 10 events in the pixel/tracker (outside region). “Double” signals are accessible instead
in the middle white strip. The combined LHC detection of the Σd, in at least one of the two
channels, and DM indirect detection are again achieved whenever the isolines (dash-dotted)
of the reference DM lifetime and of the correct relic density (solid) for a fixed value of x cross
in the LHC “double” discovery region. Above this strip it is still possible to observe displaced
vertices at the LHC and have an ID DM signal for small values of x. At large values of x,
instead, only metastable particle signals are compatible with DM ID.
3.1.1 Benchmarks for colored Σf
Simultaneous ID/LHC detection, with the latter in the form of a double signal, i.e. displaced
decay plus metastable track, could be achieved in the next future, namely for luminosities
up to 300 fb−1, for values of BrΣd→dψ lower than 10
−3. As a consequence the observation at
the LHC of both the DM and only SM decay channels of Σd appears difficult but it is not a
priori excluded provided that there is a high statistics.
In order to investigate this possibility we have performed a more focused study on
a benchmark set of parameters, namely mΣd = 800 GeV, corresponding to the maximal
production cross-section, mψ = 10 GeV and λ and λ
′
fixed to reproduce the correct DM relic
density and a DM lifetime of approximately 1028 seconds. We have reported on table 1 the
number of decay events, expected at the three values of the luminosity, namely 25, 300 and
3000 fb−1, together with an estimate of the number of events in the two different type of
decay channels, namely in DM plus SM fermion and two SM fermions. As evident, no events
of decay into DM can be observed inside the detector (namely pixel or tracker), except
possibly in a high luminosity run of LHC. This is a consequence of the very suppressed
– 11 –
J
C
A
P10(2014)063
Figure 5. The same as figure 4 but with mΣd = 800 GeV (upper plot), mΣd = 1600 GeV (left plot)
and mΣd = 2200 GeV (right plot) and L = 3000 fb−1 in all cases.
branching ratio of decay of Σd into DM, ≈ 10−3, required to reconcile the correct DM relic
density with observable decays of the latter. A potential observation of decay of Σd inside the
detector seems thus limited to the pure SM channel. Possible dedicated searches should be
then optimized for the search of displaced vertices with multi-jet/leptons and low amounts
of missing energy.
The observation of the DM channel might be feasible considering the possibility of
observing decays of stopped particles in the detector. Indeed we have until now assumed that
the decays of Σd can be observed in the pixel/tracker region while beyond those only escaping
tracks associated to the particle Σd itself are detected. In reality colored/electromagnetically
charged metastable particles lose energy by interacting with the detector material and a
fraction of them can be stopped inside the detector itself. Their late time decays can be
observed in the intervals between the collisions of proton beams [51, 52]. These kinds of
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Part of detector Total Σ→ DM Σ→ SM only
L = 25 fb−1
pixel 63 0 63
tracker 125 0 125
out 907 1 906
L = 300 fb−1
pixel 757 0 757
tracker 1504 2 1502
out 10889 11 10878
L = 3000 fb−1
pixel 7571 8 7563
tracker 15043 15 15028
out 108892 113 108779
Table 1. Number of decay events, total as well as separately in the two kind of decay channels
(DM or SM only), which is expected to be observed, in the three detection regions, at the indicated
values of the luminosity, for a Σd production scenario corresponding to the benchmark set of masses
mΣd = 800 GeV and mψ = 10 GeV. The coupling λ and λ
′
have been chosen in such a way that the
DM achieves the correct relic density, through the freeze-in mechanism, and its lifetime is 1028 s, just
beyond present ID limits. The values of λ and λ
′
are, respectively, 1.8× 10−11 and 5.5× 10−10.
searches are characterized by rather low efficiencies, in particular because of the low, namely
. 10%, fraction of stopped particles; as a consequence one should focus on the regions in
which the number of decays outside the pixel/tracker regions is maximal, possibly renouncing
to a statistically significant number of events inside the detector. So searches for stopped
particles are in some sense complementary to the searches discussed in this work. At the
same time, as can be noted e.g. in figure 4, 5, in the regions where the number of particles
decaying outside the detector is maximal, the isolines of DM lifetime and relic density cross
at values of the branching ratios of order 0.5 and thus a contemporary detection of both
decays of Σd is feasible provided the presence of statistically relevant population of stopped
particles. This possibility is confirmed by the outcome of the analysis reported in table 2,
where a benchmark with (mψ,mΣd) = (500, 1000) GeV has been considered and the couplings
set in order to achieve, besides the correct DM relic density, a lifetime of the DM of 1028 s
and a branching ratio of decay of Σ into DM of approximately 10%. For luminosities above
300 fb−1, a sizable number of events could be observed in both the decay channels of Σd,
possibly compensating the low efficiency in the detection of stopped particles. In order to
quantitatively explore this scenario an analysis accounting for the typology of decay products
of Σd as well as a simulation of the detector are however needed. This is beyond the scope
of this work and will be left to a future study.
The contemporary detection of both decay channels of Σd can be feasible as well at very
low values of x, thus corresponding to very light DM particles. Indeed in such a case it is
possible to set the two couplings λ and λ
′
to comparable values without conflicting with ID
constraints because of the strong enhancement, namely ∝ x−5 of the DM lifetime. We also
notice that higher values of the coupling λ are favored by the DM relic density since it tends
to be suppressed as x. In such scenario we thus expect Σf particles to be relatively short-lived
and thus most of the decay events happen in the pixel/tracker region. This is confirmed by
the results shown in table 3 in which we have considered a benchmark model with the very
low value x = 10−6. As we expected, most of the decay events lie in the inner detector with
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Part of detector Total Σ→ DM Σ→ SM only
L = 25 fb−1
pixel 0 0 0
tracker 0 0 0
out 355 37 318
L = 300 fb−1
pixel 0 0 0
tracker 0 0 0
out 4267 445 3822
L = 3000 fb−1
pixel 0 0 0
tracker 0 0 0
out 42670 4450 38220
Table 2. The same as table 1 but for mΣd = 1 TeV, x = 0.5 and the couplings λ and λ
′
set to,
respectively, 1.2× 10−12 and 3.6× 10−12, in order to achieve the correct DM relic density and a DM
lifetime of 1028 s.
Part of detector Total Σ→ DM Σ→ SM only
L = 25 fb−1
pixel 97 15 82
tracker 115 18 97
out 4 0 4
L = 300 fb−1
pixel 1169 184 985
tracker 1384 218 1166
out 50 8 42
L = 3000 fb−1
pixel 11695 1849 9846
tracker 13846 2189 11657
out 499 79 420
Table 3. The same as table 1 but for mΣd = 1 TeV, x = 10
−6 and the couplings λ and λ
′
set to,
respectively, 6.5 × 10−10 and 1.5 × 10−9. For this choice of parameters Br(Σd → DM) ∼ 0.15 and
the DM relic density is entirely achieved through the freeze-in mechanism. The DM lifetime instead
exceeds of many orders of magnitude the sensitivity of present and next future detectors.
statistically relevant populations in both the decay channels. For luminosities above 300 fb−1
it is nonetheless possible to observe more than 10 escaping tracks; the LHC thus provides
an optimal reconstruction of the properties of the scalar field. On the other hand for the
very low value of x considered the Indirect Detection of DM is not possible since its lifetime
largely exceeds present and next future experimental sensitivity. As a consequence, in this
kind of setup, LHC is the only probe of the model under consideration.
3.2 EW-charged scalar
In this section we present a similar analysis for Σe,`-type scalar field. We will first assume,
analogously to the previous scenario, that the two components of the SU(2)L doublet are
exactly degenerate in mass, such that the analysis can be carried out with the exact same
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Figure 6. NLO cross-section for several kinds of Σf field, namely Σd, Σ` and Σe. We report as well
the minimal value of the production cross-section, for two values of the luminosity, namely 300 and
3000 fb−1, needed to give 5 pairs of particles.
steps as before. The case in which, instead, a sizable mass splitting is present is also phe-
nomenologically intriguing. Indeed one of the components of Σ` is electrically neutral and
remains undetectable at LHC in case of decays outside the pixel/tracker region, thus behav-
ing like an additional DM component. Additional interesting collider signatures can arise in
the case in which both the components are accessible to LHC production and decays in W
boson (either on- or off-shell) are allowed. We will comment on this possibility at the end of
this subsection.
We show in figure 6 the production cross-section of the Σ` and Σe type fields, compared
with the one of Σd. As we can see the production cross-sections are sensitively lower, with
respect to the colored case, with a maximal mass reach, corresponding to the high luminosity
upgrade of LHC, of approximately 1400 GeV. Figure 7 and 8 show the LHC reach, in the
three detection regions, as function of the couplings λ and λ
′
and for some fixed values of
x, for two values of mΣ`,e , namely 400 and 800 GeV. In the lower mass scenario it is again
present an upper bound on the lifetime of the scalar field coming from current searches of
disappearing tracks. Notice that this last limit is stronger in the case of Σ` type field as
consequence of the higher cross-section at a given value of the mass (see [42] for details).
At the same time the limits from detector stable particles are substantially relaxed with
respect to the case of colored particles so that we can consider values of the mass as low
as 300–400 GeV. We also notice that the production cross-section of Σ` pairs is sensitively
larger with respect to the case of a SU(2)L singlet. This enhancement is substantially due
to the process pp→ Σ±` Σ0` , with Σ±` and Σ0` being, respectively, the electrically charged and
neutral components of the SU(2) doublet. On the other hand the increase in the expected
number of events depends on the lifetime of Σ`. It is indeed maximal at shorter lifetimes,
when the scalar field decays prevalently in the inner detector, since displaced vertices can be
detected both for electrically charged and neutral mother states, while it is more moderate
at the longest lifetimes since only the charged component of the SU(2)L doublet can manifest
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Figure 7. LHC reach, in the plane (λ, λ
′
), in the pixel (red dot-dashed lines), tracker (red dashed
lines) and outside the detector (red solid lines), for an integrated luminosity of 300 fb−1 for a Σe (left
panel) and a Σ` (right panel) scalar field of mass 400 GeV. The solid lines represent the cosmological
value of the DM relic density for x = {10−3, 10−2, 0.1, 0.5}, while the short-dashed lines represent
a reference value of 1028 s, approximately corresponding to the current experimental sensitivity on
the DM lifetime for the considered set of values of x. The yellow region below the thick long-dashed
yellow line is excluded by searches of metastable particles.
Figure 8. The same as figure 7 but for mΣe,` = 800 GeV.
as metastable tracks while the neutral one escapes detection. Contrary to the colored case it
is possible to have sizable or even dominant contribution from the SuperWIMP mechanism
at masses accessible to the LHC production. However, as evident from the plot, this occurs
only at very small values of the couplings, such that the decays of the scalar field occur
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Figure 9. LHC reach for Σe (left) and Σ` (right) in the plane
(
Br(Σe,` → DM),Γ−1Σ
)
for integrated
luminosity of 300 fb−1 and mΣe,` = 400 GeV. The violet, green and blue region represent the regions
where less then 10 events are expected, respectively in the ‘outside’, tracker and pixel regions. The
‘double detection’ region, defined in the main text, is thus the white strip between the shaded regions.
The solid and dashed lines give again the cosmological relic density and the reference DM lifetime for
the set x = {10−3, 10−2, 0.1, 0.5}. The yellow region below the thick dashed yellow line is excluded
by current searches of metastable particles.
Figure 10. The same as figure 9 but for mΣe,` = 800 GeV. A ‘double detection’ region is present
only in the case of Σ`-type field.
substantially only outside the detector. We have as well reformulated our results in the plane
(BR(Σf → DM)–Γ−1Σ ). As evident from figure 9 and 10 the LHC “double” detection region
defined in the previous sections is extremely narrow, as consequence of the lower number
of expected events, due to the lower production cross-sections, and it is already closed, for
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Part of detector Total Σ→ DM Σ→ SM only
L = 25 fb−1
pixel 92 0 92
tracker 156 0 156
out 19 0 19
L = 300 fb−1
pixel 762 0 762
tracker 1285 0 1285
out 230 0 230
L = 3000 fb−1
pixel 7621 0 7621
tracker 12855 0 12855
out 2300 0 2300
Table 4. Number of decay events, total as well as separately in the two kind of decay channels (DM
or SM only), expected in the three detection regions at the LHC for the indicated values of luminosity.
The benchmark chosen consist in a Σ`-type field with mass of 400 GeV while the DM mass is set to
10 GeV. The pair (λ, λ
′
) has been fixed to (5× 10−12, 2.5× 10−9). Notice that for the inner detector,
i.e. pixel and tracker, we have counted the decays of both the charged and neutral components of the
doublet while in the outside region only the charged component has been considered.
masses of 800 GeV, in the case of Σe-type field, which thus features extremely poor detection
prospects. We also notice that the crossing of curves of the relic density and the DM lifetime
occurs, in the double detection strip, at values of the branching ratio at most of the order of
10−3 which again makes very difficult the detection of the decay channel of Σ`,e into DM.
3.2.1 Benchmarks for EW Σf
Analogously to the previous section, we have investigated the prospects of detection of Σ`,e
from a more quantitative perspective focussing on a benchmark set of parameters. We have
indeed considered the pair production of a Σ` particle with an assignment of (10,400) GeV,
corresponding to the maximal production cross-section, for (mψ,mΣ`) and fixed the couplings
to give the correct relic density and a lifetime compatible with experimental limits. As evident
from the results reported in table 4 the number of expected events is reduced with respect to
the colored case. A statistically relevant number of decay events both in the inner and outer
part of the detector appears nevertheless already at low luminosity. Note that indeed the
severe limit from the searches of metastable tracks (cfr. figure 7) forces the choice of rather
low lifetimes of Σ`, such that most of the events concentrate in the inner detector. The bound
on the lifetime is less severe for a Σe-type field with the same mass. At the same time the
total number of events is drastically reduced, because of the sensitively lower cross-section,
and then a double LHC detection would require higher luminosities. We also remark that
the choice of the pair (λ, λ
′
), made to comply with all experimental constraints, corresponds
to an extremely suppressed branching ratio of decay into DM, such that no events with Σ`
decaying into DM are observed, even considering a high luminosity upgrade of the LHC.
We could in principle consider slightly higher value of the mass of Σ`, which would allow to
achieve BR ∼ 10−3, since the limit from searches of metastable tracks promptly disappears,
which would allow the observation of the DM channel in the high luminosity upgrade of LHC.
However, a strong reduction of the total number of event would occur as well, because of
the steep dependence of the production cross-section with mΣ` , such that this possibility is
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Part of detector Total Σ→ DM Σ→ SM only
L = 25 fb−1
pixel 1 1 0
tracker 2 1 1
out 8 4 4
L = 300 fb−1
pixel 12 6 6
tracker 27 14 13
out 94 48 46
L = 3000 fb−1
pixel 120 62 58
tracker 270 139 131
out 941 484 457
Table 5. Number of decay events, total as well as separately in the two kind of decay channels (DM
or SM only), which is expected in the three detection regions at the LHC for the indicated values of
luminosity. The benchmark chosen consist in a Σ`-type field with mass of 800 GeV while the DM mass
is set to 8 × 10−4 GeV. The pair (λ, λ′) has been fixed to (8 × 10−10, 7.8 × 10−10) and corresponds
to a lifetime many orders of magnitude above current and next future experimental sensitivity. No
ID detection is thus expected in this case. Analogously to table 4, for the inner detector, i.e. pixel
and tracker, we have counted the decays of both the charged and neutral components of the doublet
while in the outside region only the charged component has been considered.
already excluded for masses around 500 GeV. We thus conclude that, substantially, it will
not be possible to identify at LHC the peculiar feature of our model, namely the presence of
two (i.e. DM+SM and SM only) decay channels.
Analogously to the colored scenario we can consider signals outside the double detection
regions. In the high lifetime region only the decay channel into SM particles might be acces-
sible to possible searches of stopped particles since the small number of events, consequence
of the low production cross section, does not allow to have a statistically relevant number of
events in both the decay channels.4 Alternatively we can consider very low values of the DM
mass in order to evade ID constraints and for x ∼ 10−6 it might be again possible to observe
both the Σ` decay channels, renouncing however to the possibility of next future detection of
DM decays in cosmic rays. A possible outcome in this kind of scenario is reported in table 5,
where it is shown the number of expected observed decay events in the case of Σ`-type field
with mass of 800 GeV and for a very low value of the DM mass corresponding to x = 10−6.
The value of the (λ, λ
′
) pair, respectively 8× 10−10, 7.8× 10−10, guarantees the correct DM
relic density, through the freeze-in mechanism, and a branching fraction of decay of the scalar
field into DM of approximately 50%. Although the choice of the parameters is substantially
analogous to the low mass benchmark studied in the case of color charged scalar (the lifetimes
of the scalar field differ approximately by a factor 2) the majority of the events now lie in the
“outside” region. This is due to the fact the Σ`,e are more boosted with respect to colored
scalars. At the higher luminosities we have anyway a number of events in the inner detector,
for both decay channels, satisfying our discovery requirement. We have thus again a good
capability for LHC of providing information on the model under consideration, renouncing
however at any prospects of indirect detection of the decays of the DM.
4We also notice that there are not, at the moment, searches of only electroweakly interacting stopped
particles. On general grounds we expect a lower detection efficiency with respect to the case of color interaction.
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We conclude this section describing how the LHC signals may result altered, in the
Σ` scenario, in the presence of a sizable mass splitting in the EW multiplet. As already
mentioned in this case the heaviest component of the doublet dominantly decays into the
lighter one and a W boson (or into two quarks/leptons) and these decays result prompt for
mass-splitting above ∼ 1 GeV. Contrary to the colored case, we can have a sizable production
of the heavy component through the process pp → Σ±l Σ0l , being mediated by the W boson,
which can account for ∼ 50% of the total production cross-section even for sizable mass
splittings. The range of signals results therefore enriched if the detection of the products of
the prompt decays of the heavy component of the doublet is possible.
In the case mΣ± > mΣ0 the decays Σ
± → Σ0ff ′ produce displaced vertices accom-
panied by prompt leptons and jets, for short lifetimes of Σ0, or a signal consisting of
jet/leptons+missing energy, customarily studied in supersymmetric setups [53, 54], in the
case that Σ0 decays outside the inner detector.5 In the opposite case mΣ± < mΣ0 prompt
jets/leptons are associated to displaced vertices or metastable tracks.
4 Discussion
In this section we summarize the outcome of the previous analysis and discuss in greater
detail whether a hypothetical next future LHC signal can unambiguously discriminate the
underlying particle physics scenario.
We show in figure 11 and 12 the LHC reach, in the two scenarios of Σd- and Σ`-type
field, as function of the mass of the scalar field and of the coupling λ
′
, for the two assignments
of the DM mass of 10 and 100 GeV. The luminosity has been set to 300 fb−1. The coupling
λ has been determined as function of the other parameters, using eq. (2.5), (2.6) and (2.7),
according to the requirement of the correct DM relic density.
The red, blue and green lines in the plots correspond to the observation of 10 events
respectively in the Tracker, pixel and outside the detector region. The green region comprised
between these lines is the “double detection” region, in which the observation of at least
10 events in the inner detector and at least 10 escaping tracks can be obtained. Above
this region only displaced vertices can be observed at a statistically relevant amount while
below metastable tracks are the only visible signal. The yellow regions in the plots are
already excluded, for the considered values of the DM mass, by constraints from DM indirect
detection.6 As evident the possibility of “double” LHC detection is already ruled out for
DM masses above 100 GeV in the case of colored scalar and for masses above 10 GeV in the
case of EW charged scalar. Nevertheless for the colored case, as can be seen in the left panel
of figure 11 as well as in the benchmark in table 1, the future indirect detection region just
below the present bound lies exactly in the double detection corner for a DM mass of 10 GeV
and mΣ < 1500 GeV and in that case possibly all the four parameters of the model could
be within reach in the next future. The possibility of observing only displaced vertices is
disfavored as well by ID for these values of the DM mass, with the exception of the highest
value of the scalar field mass, at the boundaries of the LHC reach. The more severe exclusion
5Notice that we could as well consider monojet + missing energy signals in the case of long lived pair
produced Σ0l , totally analogous to the DM pair production scenarios. However in our setup pair production
of Σ0l occurs only through a strongly off-shell Z-boson giving a rather weak signal [2, 55].
6Notice that our bounds from ID detection are rather conservative. In the case of Σ`,e-type field we can
obtain, for example, weaker bounds assuming decays only in some flavour states like, e.g., τ leptons.
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Figure 11. Summary of the possible observed signals at LHC, at L = 300 fb−1, for a Σd-type field, as
function of its mass and the coupling λ
′
. The other coupling, λ, has been fixed in order to reproduce
the correct DM relic density while the DM mass has been set to 10 GeV (left plot) and 100 GeV (right
plot). The red, blue and green lines correspond to the observation of 10 events respectively in the
tracker, pixel and outside the detector region. In the “double” detection region, the green shaded
region between these lines, a number ≥ 10 of decay events in the pixel and the tracker and more than
10 tracks leave the detector. The yellow shaded region, above the thick yellow dashed line, is excluded
by constraints from indirect detection of DM decay.
Figure 12. The same as figure 11 but for the case of a Σ`-type field.
in this last case is due to the fact that the production of lighter scalar particles is considered,
in turn implying higher decay rates for the DM.
We can now investigate in more detail which kind of information can be inferred from
a hypothetical future LHC signal. At high DM masses, namely above 100 (10) GeV in the
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colored (only electroweakly interacting) Σf scenario, the only signal which can be expected
are metastable tracks. In such case it will be possible to give a lower bound on the scalar
field lifetime or perhaps to measure it, although maybe with less precision with respect to
a double detection scenario, from the decay of stopped Σf . From this it may be possible
to determine the sum λ2 + λ
′ 2 while, in absence of observation of the decay processes, it is
not possible to determine the single values of the two couplings, which could allow to infer
the DM production mechanism. This task could be achieved in case of an Indirect Detection
of dark matter decay which would provide, besides the value of the DM mass, information
on a different combination of the two couplings, namely their product λλ
′
. The complete
identification of the model could then be achieved by verifying that the DM relic density,
computed with the reconstructed parameters, matches the cosmological value.
At intermediate DM mass scales the LHC “double” detection region is instead still
viable. This scenario guarantees the optimal reconstruction of the lifetime of the scalar field,
as well as its mass which can be inferred by the cross section and by the energy of the decay
products. As already pointed out these informations alone do not allow to infer the DM
relevant properties like the mass, which it is in any case not accessible at the LHC, and the
production mechanism. Indeed the latter would require the knowledge of the single values
of the couplings λ and λ
′
while the lifetime of Σf depends on the sum λ
2 + λ
′ 2. The two
couplings could be singularly inferred in case it is possible to distinguish, through the decay
products in the displaced vertices, the two decay channels of the scalar field. However our
study based on the relative branching fractions of the two decay channels of the scalar fields,
confirmed from a quantitative perspective by the study of the two benchmarks reported in
table 1 and 4, has shown that only the pure SM decay channel is accessible to LHC detection.
In this case it is possible to infer, from the determination of the lifetime of the scalar field,
only the value of λ
′
(assuming a negligible branching fraction of decay into DM). A LHC
signal only can thus neither provide evidence of the existence of the DM nor information
on its production mechanism. A correlation with a DM ID signal is again mandatory for
determining the remaining parameters. In both the scenarios proposed above the capability
of full determination of the model under consideration is hence limited to the regions of
the parameters space which lie in proximity of the current experimental sensitivity to DM
Indirect Detection.
For very low DM masses, LHC is instead the only probe of the model under consideration
while ID is not achievable (as a consequence, bounds like the ones shown in figure 11 and 12,
are completely evaded). On the contrary the two branching fractions of decay into the scalar
field, namely the one into DM+SM and only SM, can be comparable within the double
detection region. This statement is again confirmed at the quantitative level by the study
of two benchmarks, one for colored and one for only EW interacting scalar, reported in
table 3 and 5, which show the presence of statistically relevant number of events, for both
the two decay channels, in the inner detector as well as in the “outside” region. In case of
identification of the two decay channels it is possible to infer the values of λ and λ
′
as well
as the mΣf . The DM mass is instead not directly accessible from observations but might
be determined from the requirement of the correct relic density, given its proportionality to
x = mψ/mΣf .
We remark anyway that the capability of disentangling the decay channels of the scalar
field is actually model dependent since, according to which of the operators in (2.1) and (2.2)
determine the decay processes of Σf , we might have scenarios with very different decay
products in the two channels (for example in the case of Σ` field we can have a decay into
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DM and a charged lepton opposed to a decay into two jets triggered by the coupling λ2,3 `)
as well as rather similar signals, e.g. in the case in which the scalar field decays into a
neutrino and another SM fermion. We also remark that the various kinds of final states, e.g.
jets, leptons etc. . . , possibly emerging from displaced vertices have not the same capability of
reconstruction, at a given lifetime (see e.g. [13] for a discussion). In order to properly address
this issue a refinement of our analysis, including a simulation of the detector, is required.
The statements discussed until now substantially hold for all the assignments of the SM
charge of the Σf particle. In absence of a detector analysis, sensitive to the decay products,
the main difference is between the cases of colored or only electroweakly charged Σf with the
latter requiring higher luminosities for a discovery and featuring a more limited mass reach, in
view of the lower production cross-section. In the case of colored mediator one could consider
complementary searches, with respect to the one discussed in this paper, relying on the
possibility of observing very late decays of Σf particles stopped in the detector. At these very
long lifetimes the observation of both decay channels of Σf is compatible with constraints from
DM phenomenology. Our study reported in table 2 shows that this possibility is potentially
feasible even once the actual low efficiencies in this kind of searches are accounted for. On
the other hand we remark again that in order to properly determine whether the different
decay channels can be discriminated a simulation of the detector is mandatory and that a
definite statement is left to a future study. In case of possible identifications of the two decay
channels it is again possible to determine their relative branching fractions and then directly
the couplings λ and λ
′
.
5 Conclusions
We have considered the LHC detection prospects of a very simple and economical exten-
sion of the Standard Model featuring a decaying Majorana fermion as DM candidate and a
metastable scalar field with non-trivial quantum numbers under the SM gauge group. The
potential LHC signal is constituted by the observation of the displaced decays of the scalar
field, either into the DM and a SM fermion or into two SM fermions, or of the scalar field
itself as disappearing track escaping the detector. We have investigated the possibility of de-
tecting this kind of signals in the regions of the parameters space favored by the requirement
of the correct DM relic density and a future Indirect Detection of the DM decays.
In the case of color charged scalar field a statistically relevant population of both dis-
placed vertices and metastable tracks might be observed in next future 14 TeV LHC run up
to masses of the order of 1500 GeV and up to approximately 2200 considering a high lumi-
nosity run; however bounds from DM Indirect Detection already exclude the possibility of
“double” detection for DM masses above 100 GeV, leaving open only a possible detection of
metastable tracks. In the parameter region corresponding to the “double” LHC detection
unfortunately only the decay channel into just SM fermions is accessible to observation, since
the branching ratio of the scalar field into DM is of the order ≤ 10−2–10−3. The two decay
channels of the Σf field might be instead contemporarily observed in the case of very long Σf
lifetimes, with negligible amount of events in the inner detector, considering the possibility
that a fraction of Σf can be stopped in the detector material and decay at later time. This
possibility should be investigated through a dedicated study. The contemporary detection of
the two decay channels of Σf can occur as well at very low, i.e. 1 GeV DM masses. In this
case there would be the observation of mostly displaced vertices in the inner detector, while
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DM decays in Indirect Detection are unfortunately beyond present and future observational
capabilities because of the extremely long DM lifetimes.
In the case in which, instead, Σf features only electroweak interactions the maximal
mass reach is limited to approximately 1400 TeV and the high luminosity upgrade is most
likely needed to probe the parameters space of model. Because of the lower masses of Σf
involved in the analysis the bounds from DM ID are more severe, with respect to the case of
a colored scalar field, such that under the most conservative assumptions the “double” LHC
detection is not possible for DM masses above 10 GeV. There are as well poorer prospects
of detection of stopped particles because of the lower number of events and of stopping
probability. The scenario of contemporary detection of the two decay channels at very low
DM masses is instead feasible although kinematic effects imply, contrary to the colored case,
a greater number of decays in the outer detector region. The range of possible signals is
enriched in the case the scalar field is a SU(2)L doublet with a mass splitting between the
components. In particular, in the case of Σ` type field, with lighter neutral component, the
signals presented above can be accompanied as well by conventional missing energy signatures
and prompt tracks.
In most of the parameter space of the scenario presented, LHC experiments and Indirect
Detection observations provide complementary information on the model and both signals
are necessary in order to confirm the identity of the Dark Matter and verify the production
mechanism. In particular if the mass of the Dark Matter is in the 1–10 GeV range and the
Σf scalar within the kinematical reach of the next LHC run, i.e. below 1600 GeV for the
colored case or 1100 GeV for the EW case, there is a clear chance to obtain multiple signals
in the very near future.
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